Aims Biomass accumulation and allocation patterns are critical to quantifying ecosystem dynamics. However, these patterns differ among species, and they can change in response to nutrient availability even among genetically related individuals. In order to understand this complexity further, this study examined three ephemeral species (with very short vegetative growth periods) and three annual species (with significantly longer vegetative growth periods) in the Gurbantunggut Desert, north-western China, to determine their responses to different nitrogen (N) supplements under natural conditions. † Methods Nitrogen was added to the soil at rates of 0, 0 . 5, 1 . 0, 3 . 0, 6 . 0 and 24 . 0 g N m 22 year 21 . Plants were sampled at various intervals to measure relative growth rate and shoot and root dry mass. † Key Results Compared with annuals, ephemerals grew more rapidly, increased shoot and root biomass with increasing N application rates and significantly decreased root/shoot ratios. Nevertheless, changes in the biomass allocation of some species (i.e. Erodium oxyrrhynchum) in response to the N treatment were largely a consequence of changes in overall plant size, which was inconsistent with an optimal partitioning model. An isometric log shoot vs. log root scaling relationship for the final biomass harvest was observed for each species and all annuals, while pooled data of three ephemerals showed an allometric scaling relationship. † Conclusions These results indicate that ephemerals and annuals differ observably in their biomass allocation patterns in response to soil N supplements, although an isometric log shoot vs. log root scaling relationship was maintained across all species. These findings highlight that different life history strategies behave differently in response to N application even when interspecific scaling relationships remain nearly isometric.
INTRODUCTION
The rate at which plants accumulate biomass is important when estimating ecosystem productivity. However, this important ecological factor is known to differ among species and to change as a function of environmental conditions. Therefore, quantifying how growth rates vary among species and how they change in response to resource limitations is important, particularly in light of global change. Nevertheless, understanding plant biomass accumulation is a complex issue. For example, biomass accumulation is responsive to differences in nitrogen (N) availability but it is also affected by plant maturity, life form, soil moisture and many other environmental factors (Padgett and Allen, 1999; Bai et al., 2010; Su et al., 2013) . Another related and equally complex issue in plant ecology is how plants allocate biomass among their different organs in response to variations in resource availability (Poorter and Nagel, 1999 ). This feature is also known to vary among species and to change as a function of environmental conditions (Thornley, 1972; Olff et al., 1990; Poorter et al., 1990) .
The growth and allocation of desert plants have attracted a number of researchers owing to the often extreme environmental conditions under which plants grow (Wang et al., 2006; Allen et al., 2008; Su et al., 2013) . Most studies report that the root/ shoot ratio in desert plants is much greater than in plants of other ecosystems such as forests and grasslands (Barbour, 1973) . The relatively higher biomass allocated to roots in comparison with above-ground parts would in theory provide plants with greater access to moisture and soil nutrients for growth and a smaller surface area for transpiration. Consequently, it should be possible to manipulate soil conditions to favour increases in above-ground biomass allocation if soil nutrient limitations (such as N) are reduced or eliminated. Indeed, in recent years, N deposition rates are increasing in desert ecosystems due to expanding metropolitan centres or large agricultural operations (Fenn et al., 2003) . In desert ecosystems, biological activity is limited by water (Noy-Meir, 1973) . In addition to water, this ecosystem is also limited by N, which has become the second most important factor influencing plant growth rates, community structure and soil microbial processes (Brooks, 2003; McCrackin et al., 2008; Zhou et al., 2011) .
Plants with different life history strategies or life forms could show varying responses to N deposition in deserts as well as other ecosystems. For example, a 4-year field study found that perennial grasses benefited from N enrichment more than annuals and perennial forbs in a desert steppe, particularly during wet years (Su et al., 2013) . Likewise, annuals contribute greatly to the yearly productivity of desert communities, e.g. desert annuals can provide over half of the total vegetation cover and are considered as a nutrient reservoir and provider (Chen et al., 2009) . Although annuals are often used to test partitioning models (McConnaughay and Coleman, 1999; Bernacchi et al., 2000; Iwasa, 2000) , the biomass partitioning patterns of desert annuals are rarely reported, particularly under field conditions. Importantly, plants that live for only one growing season can be divided into two life history strategies, i.e. those with short and rapid periods of vegetative growth and those with longer and thus less rapid periods of vegetative growth (ephemerals and annuals sensu stricto, respectively). In the Gurbantunggut Desert, seed germination and seedling growth of the ephemeral plants are strongly dependent on temperature and water conditions in spring (Wang et al., 2006) . Annuals often germinate later than the ephemerals, and more typically experience the relatively drier conditions of summer. Although Gurbantunggut ephemerals are more sensitive to soil moisture than Gurbantunggut annuals, with little or no differences in responses to N applications in pot experiments (Zhou et al., 2011) , it is unknown if this holds under field conditions. In addition, the Gurbantunggut Desert is suffering from an increasing N deposition in recent years. Therefore, the Gurbantunggut Desert is an optimal area for understanding these ecologically important species. In addition, measurements of biomass accumulation and partitioning in field experimental plots would be helpful for the evaluation of biomass production in response to increased N deposition and for the study of the two contrasting biomass partitioning models described below.
In order to cope with this complexity in understanding biomass allocation in a changing environment, two general types of partitioning models have been proposed: optimal partitioning models and allometric models. The former postulates that plants respond to environmental changes by partitioning their biomass to different organs in a manner that permits the acquisition of the most limiting resource(s) such as N, light, water or carbon dioxide (Thornley, 1972; Bloom et al., 1985) . For example, under light-limiting conditions, plants are predicted to allocate more biomass to the construction of stems and leaves rather than roots in order to maximize or at least increase light capture (Hunt and Burnett, 1973) , whereas factors that limit the acquisition of below-ground resources are predicted to result in increased root growth as opposed to above-ground growth (Green et al., 1994; Gebauer et al., 1996) . Allometric models offer an alternative (but not a mutually exclusive) framework in which to examine biomass accumulation and partitioning (McCarthy and Enquist, 2007) . These models link metabolism to ecosystem dynamics based on size-dependent relationships that influence resource use, plant growth and architecture. Many but not all empirical studies support the existence of scaling exponents predicted by these models (e.g. Niklas and Enquist, 2002) . For example, an isometric scaling relationship (a ¼ 1) between log-transformed shoot and root biomass is predicted and observed for non-woody plants and the juveniles of woody species (Niklas, 2005) ; also, an isometric allocation pattern best describes the allometry of Chinese forested communities (Cheng and Niklas, 2007) and Tibetan grasslands (Yang et al., 2009) . Nevertheless, other studies reveal ontogenetic changes in biomass allocation patterns as plants germinate, mature and reach reproductive status. These 'ontogenetic shifts' are real and sometimes optimal. Most allometric models fail to account for them. This can be particularly true in the case of rapidly growing annual species for which ontogenetic changes occur rapidly (McConnaughay and Coleman, 1999) .
It is in the context of these two modelling frameworks that we examined the biomass allocation patterns of annuals and ephemerals in a desert ecosystem in response to differences in N and water availability. We hypothesized that the growth of ephemerals, which occurs in the spring under conditions of high soil moisture, would be more sensitive to N availability than that of annuals because N is the principal limiting resource to growth once drought stress is eliminated (McCrackin et al., 2008; Ladwig et al., 2012) . We further hypothesized that more biomass would be allocated to above-ground body parts once N was provided in high concentrations, while an isometric relationship could be observed between the shoot and root biomass.
MATERIALS AND METHODS

Study site
The study site is situated in the centre of the Gurbantunggut Desert, north-western China (44 . 87 8N, 87 . 82 8E), which is the second largest desert in China. The annual mean temperature ranges from 6 to 10 8C. The mean annual precipitation is 70-150 mm, while the annual mean potential evaporation rate exceeds 2000 mm. Precipitation is unevenly distributed among seasons. Half of the annual precipitation falls between April and July (47 . 6 %). In winter, about 20 cm of snow covers the surface of the desert. In spring, melting snow and increased rainfall result in abundant soil moisture, which fosters the emergence and growth of many plant species. In May, the average ground coverage of annual and ephemeral plants can reach as much as 40 %. The major soil type is an aeolian sandy soil. Surface materials are predominantly medium-sized sand (0 . 5-0 . 25 mm) and finer materials (,0 . 25 mm), which together account for 78 . 74-94 . 56 % of the composition of the topsoil material (Chen et al., 2007) . The soil water-holding capacity is about 16 % gravimetrically. The Gurbantunggut Desert is surrounded by and partially embedded within farmlands that inadvertently release large quantities of N into the soil, e.g. N deposition in the city near the desert had increased from 0 . 5 g N m 22 year 21 in 1991 to 2 . 9 g N m 22 year 21 in 2010 (Yuan and Wang, 1997; Zhang et al., 2011) .
Field methods
In October 2008, sixty 8 × 8 m plots were established in interdune areas of the desert. The plots had the same plant composition, plant density and soil physicochemical properties before the N fertilizer treatment. Five different rates of N application plus one control without N addition were applied to each plot. The six applications with ten replicates were 0, 0 . 5, 1 . 0, 3 . 0, 6 . 0 and 24 . 0 g N m 22 year 21 (hereafter denoted as N0, N0 . 5, N1, N3, N6 and N24, respectively), the replicates were randomly selected. N0 -N3 fell in the range of the natural N deposition around the desert. N6 and N24 were added to test the plant responses to high N input. Each application mixture consisted of 2:1 NH 4 + :NO 3 2 (NH 4 NO 3 and NH 4 Cl), which approximated the composition of N deposition reported for the nearby city of Urumqi (Zhang et al., 2008) . All N treatments were applied in equal amounts in March after snow thaw and in October before snowfall each year. We chose these times because agricultural activities in lands adjoining the desert peak in March and October when fields are cultivated and N fertilizer applied, which might result in increased N emission and deposition onto desert soil. The first treatment began in October 2008 and continued in the following years to see the long-term effects of N deposition. To disperse N evenly over the plots, N was applied as a spray in 30 L of water, which was not sufficient to alter the water status of the soil or the plants.
Plants were harvested at the beginning in April 2011. Six dominant species were selected for study: three ephemerals (Erodium oxyrrhynchum, Hyalea pulchella and Alyssum linifolium) and three annuals (Ceratocarpus arenarius, Salsola ruthenica and Horaninowia ulicina). Due to the low species abundance of A. linifolium, S. ruthenica and H. ulicina in the plots from the beginning of the N treatments, these plants were sampled only once when plants began to flower. Alyssum linifolium was sampled on 29 April 2011; S. ruthenica and H. ulicina were sampled on 10 August 2011. The biomass of the other species was determined more frequently throughout the period of vegetative growth, i.e. at roughly 10-d intervals for E. oxyrrhynchum and H. pulchella, and at 20-d intervals for C. arenarius. The distance between each harvesting site was sufficient not to influence neighbouring sites as the season progressed. Soil gravimetrical moisture (%) in plots of each treatment was measured at 0 -5 cm depth and 5 -10 cm depth after each harvest. In addition, data for daily rainfall and daily mean air temperatures in 2011 were gathered from a nearby meteorological station. Soil volumetric moisture (%) and soil temperature (8C) during the growing season near the plots were also determined by a fourparameter soil monitoring system (Channel Corp., Beijing, China).
For each plot, 10-20 seedlings or 5 -10 mature individuals of each species were harvested. A patch containing the whole or the majority of each root system was excavated using a spade (Wang et al., 2010) . Patch size and shape were determined based on a previous study on the root morphology of each species (Wang et al., 2010) . However, typically, a 20-30 cm diameter patch was excavated to a depth of 30-50 cm. For each sample, roots were carefully separated from the substrate and dead roots were removed under running water. The shoots and roots of each plant were separated in the laboratory and oven-dried at 65 8C to a constant mass. When some seedlings with very small biomass were harvested, multiple samples from one plot were pooled, weighed and averaged. In the case of A. linifolium and H. ulicina, the number of available plants was small for the N24 treatment and no data were obtained.
In May 2011, four replicate soil samples were randomly collected from 24 of the 60 plots. For each plot, three cores (diameter ¼ 5 cm) from 0 to 5 cm were collected along a diagonal line and then thoroughly mixed to form one composite sample to measure soil physiochemical properties. The soil samples were transported to the laboratory on ice where plant roots were removed by sieving soil through a 2 mm mesh. All samples were air dried and used for measurements of soil physicochemical properties, including soil pH, electrical conductivity, organic carbon, total N, phosphorus (P) and potassium (K), and available N, P and K. Soil pH and electrical conductivity were determined in a 1:5 mixture of soil and deionized water using a PHS-3C digital pH meter and a DDS-307A conductivity meter (Precision and Scientific Corp., Shanghai, China), respectively. Soil organic carbon content was determined by the K 2 Cr 2 O 7 method (Walkley-Black); total N by the CuSO 4 -Se powder diffusion method; total P by the NaOH fusion -Mo Te Sc colorimetry method; total K by the NaOH melting -flaming luminosity method; available N by the alkali hydrolyzation-diffusion method; available P by the 0 . 5 mol L 21 NaHCO 3 leaching -Mo Te Sc colorimetry method; and available K by the 1 mol L 21 NH 4 OAc leaching -flaming luminosity method (Chen et al., 2007) .
Data analysis
The shoot and root dry biomass of individual plants from each species was measured separately and then averaged for each N application. The relative growth rate (RGR) was calculated based on the increase in biomass per unit time: RGR ¼ (log 10 M f -log 10 M i )/(t f -t i ), where M i and M f are individual biomass harvested at the beginning (t i ) and at the final harvest time (t f ) of each growth interval. Repeated measures of a general linear model were performed with sampling date as the within-subject factor and N treatments as the between-subject factor. One-way analysis of variance (ANOVA) was used to assess differences in the shoot and root among the six different N treatments after the final harvest of the six species. Duncan's tests were also performed to evaluate whether differences in biomass and root/shoot ratios were statistically significant.
For the three frequently harvested species, second-order polynomial regression equations (Y ¼ A + BX + CX 2 ) were used for comparisons of log (root/shoot) ratio vs. log individual biomass among N treatments to study the effects of plant size (McConnaughay and Coleman, 1999) . The fitted curves were statistically compared using methods described by Potvin et al. (1990) . The relationship between log shoot and log root was determined with both ordinary least squares (OLS) and reduced major axis (RMA) regression. Thus, scaling exponents and y-intercepts were determined for log 10 -transformed shoot and root data (denoted as a RMA and log 10 b RMA , respectively) using standardized major axis (SMA) regression SMART software package protocols. The software package was also used to provide the model type II equivalent of OLS standard analyses.
The numerical values of a RMA were compared to determine if they were consistent with an isometric relationship (i.e. a RMA ¼ 1 . 0), which was taken as the null hypothesis.
RESULTS
Climate and soil physicochemical characteristics
Mean air temperature increased from winter (January and February) to summer (June -August) and peaked in July and August in 2011 (Fig. 1A) . More frequent rainfall events occurred in May and June than in any other months. Soil temperatures at 10, 20 and 30 cm depths during April and August increased (Fig. 1B) , with some minor fluctuations following rainfall events. In contrast, soil volumetric moisture at the same three depths declined from April to August. A rainfall in early July increased soil moisture, particularly at 10 and 20 cm. Soil gravimetric moisture measured at each harvesting date in the plots also indicated an extreme dry period between 30 May and 10 August, with most soil moisture below 1 %. Soil moisture in plots with N24 treatment was higher than others during most of the vegetative growth period (P , 0 . 05) (Fig. 1C) .
Soil pH, total N and total P did not vary significantly among the different N treatments (P . 0 . 05; Table 1 ). Nitrogen supplements increased soil electrical conductivity and the available N with increasingly higher rates of N application (P , 0 . 05). Total soil K in the N6 treatment and available K in the N24 treatment were significantly lower than in the N0 treatment (P , 0 . 05). The highest organic C content and available P were measured for the N1 treatment (P , 0 . 05).
Plant biomass accumulation and RGR
Shoot, root and individual biomass were significantly affected by different sampling dates and N treatments ( Table 2 ). The biomass of the ephemerals E. oxyrrhynchum and H. pulchella increased during the late vegetative growth period and reached its maximum in a short time ( Fig. 2A -C) . In contrast, the annual C. arenarius grew relatively more slowly during the vegetative growth period. Nitrogen supplements significantly affected plant growth for each sampling date (P , 0 . 05). N3 -N24 treatments increased the growth rates of ephemerals during the early vegetative growth period, e.g. growth rates were highest for E. oxyrrhynchum on day 20 and for H. pulchella on day 10 (Fig. 3A, B) . However, no general RGR pattern among treatments was observed for C. arenarius (Fig. 3C ).
Shoot and root biomass responses to N applications
Final harvest shoot biomass increased with increasing N application rates for the three ephemeral plants, with the highest shoot biomass found for N24 treatments (Fig. 4A-C) . However, N0 . 5 -N6 treatments did not increase shoot biomass significantly for the three annual plants ( Fig. 4D-F ; P . 0 . 05). Root biomass also positively responded to N addition. No significant differences in root biomass were found for N0 -N6 treatments for annuals. The responses of total individual biomass (shoot biomass + root biomass) to increasing N application rates were similar to the responses of shoot biomass for all six species.
Root and shoot biomass ratios
Root and shoot ratios were significantly affected by sampling dates, N treatments and their interactions, except for ephemerals E. oxyrrhynchum and H. pulchella (Table 2 ), but shared similar intraspecific trends across the different N treatments for the three growth periods (Fig. 5A-C ). Significant effects of N addition were found between 29 April and 30 May for three ephemeral plants (P , 0 . 05). The N addition did not change the root/ shoot ratios on 30 June and 10 August in the case of the annual C. arenarius. Comparisons of log (root/shoot) as a function of total plant size showed increased allocation to shoots for all three species during their vegetative growth periods (Fig. 6A-C) . Root/shoot allocation did not change significantly with N addition for ephemerals E. oxyrrhynchum and H. pulchella (P . 0 . 05).
Based on root/shoot ratios measured at the time of final harvesting, increased N applications resulted in increased allocation to shoot biomass for the ephemerals (Table 3 ). In contrast, the biomass partitioning patterns of annuals were insensitive to N addition. The root/shoot ratios of ephemerals were significantly decreased by N addition treatments (P , 0 . 05). However, no significant differences in root/shoot ratios were observed for the three annual plants (P . 0 . 05).
Allometric relationship between shoot and root biomass
When the data gathered across the different sampling dates and the six treatments were pooled, a non-isometric (allometric) relationship between shoot and root was observed and did not vary significantly for ephemerals (Fig. 7A, B) . Nutrient availability only affected the allometric coefficient (i.e. the y-intercept) of the root vs. shoot scaling relationship, but had no effect on the scaling exponent (i.e. the slope) of the two species. Significantly different slopes were found for the data gathered for N0 2 N6 treatments and for N24 treatments in the case of the annual C. arenarius ( Fig. 7C , P , 0 . 01). The OLS analyses for the data gathered at the final harvesting of the six species revealed a statistically significant positive correlation between shoot and root biomass (r 2 . 0 . 72). The a OLS of the regression was approximately unity. The RMA analyses also showed no statistically significant numerical differences in the slopes or in the y-intercepts (a RMA and log 10 b RMA, respectively) among the six species, nor did the numerical values of a RMA differ significantly from the null hypothesis, i.e. a RMA ¼ 1 . 0 (Table 4) . However, the pooled data for ephemerals showed an allometric relationship between shoot and root biomass, which is in contrast to those of annuals and all species (isometric). Consequently, the log shoot vs. log root scaling relationships between ephemerals and annuals were statistically distinguishable (Fig. 8) .
DISCUSSION
Differences in growth patterns in response to N applications As initially hypothesized, the growth of ephemerals was more sensitive to N applications compared with that of annuals in the field. The biomass of ephemerals increased significantly and rapidly with N soil enhancement, which only occurred for annuals with the highest N application rate (i.e. N24 ¼ 24 . 0 g N m 22 year
21
). Nitrogen application resulted in similar differences in the root vs. shoot biomass partitioning patterns for the two life history strategies.
Our study adds to a growing body of data showing that it is necessary to consider differences in functional traits when formulating mechanistic explanations for experimental results and specifically to our understanding of how plants differing in life history strategies or life forms respond to natural or artificial changes in N soil concentration. The contrasting responses of plants representing different life forms or functional groups to environmental changes have been well documented. For example, N seasonality affects the biomass and relative growth rates of both C 3 and C 4 grass species, while seasonal water regimes significantly affect biomass only in C 3 grass species (Niu et al., 2008) , whereas desert steppe perennial grasses respond more than annual or perennial forbs to the addition of N during wet as opposed to dry years (Su et al., 2013) . Also, increasing N deposition is reported to elevate N assimilation and above-ground production in grasses but has the reverse effects on temperate steppe forbs .
In the context of our study, we can propose two inter-related explanations for the differences observed between the growth rates and biomass partitioning patterns of the ephemeral and annual species. First, by virtue of their more extended vegetative growth periods, annuals have a longer time to adjust to environmental changes, and, secondly, they tend to grow during relatively drier soil conditions than ephemerals, where low soil moisture All N and D and N × D were significant at P , 0 . 01, except N × D for the root/shoot ratio in E. oxyrrhynchum and H. pulchella (P , 0 . 01).
limits the stimulatory effects of N increase. On the one hand, ephemerals are triggered to germinate by snow thaw and rainfall, and usually grow only for a very short period of time. Consequently, they experience comparatively little water stress. We therefore surmise that the desert ephemerals examined in our study experience less intense selection pressure to develop structures or physiological mechanisms that vegetatively respond to long-term environmental changes compared with annuals, which grow for longer periods of time throughout a potentially hot summer. Ephemerals are considered to be opportunistic species. In a study of 27 herbaceous species, Müller et al. (2000) found that the more 'opportunistic' species responded more vigorously to nutrient availability than less opportunistic species. On the other hand, it is possible that the differences between the two life history strategies in response to N addition might be due to differences in soil moisture during the periods of active vegetative growth. Under desert conditions, plant growth and microbial activity are primarily limited by the availability of water and secondarily by soil nutrients such as N (McCrackin et al., 2008; Ladwig et al., 2012) . The effect of N enrichment on herbaceous plant communities in desert steppes is also reported to be strongly dependent on natural precipitation patterns. For example, during wet years in arid Chinese regions, perennial grasses benefit more from N enrichment than do annuals, whereas, during dry years, all species groups appear to be equally responsive to precipitation (Su et al., 2013) . Ladwig et al. (2012) found that N only becomes limiting once drought stress is alleviated under desert conditions. The significant effects of N addition on the root/shoot ratio of C. arenarius on 20 July might be due to the rainfall events in early July, which resulted in abundant soil moisture in early and mid July. Although it is true that the application of high N rates can reduce plant growth (Wu et al., 2008) , no negative effects of N application were observed during our study even when applications were increased to 24 g N m 22 year
. The obvious stimulating effects of high N addition on individual plant growth might also be a result of less intra-and interspecific competition in high N plots (i.e. N24 treatments) than in plots where N is a limiting resource. In this study, plant cover and density declined in high N plots compared with low N plots (data not shown).
At a mechanistic level, changes in soil N in N-limited ecosystems might lead to differences in tissue N and then differences in shoot vs. root partitioning patterns (and thus differences in assimilation and growth) among species. Some workers argue that total N and even the soluble protein in plants might account for root/shoot ratio variations (Hilbert, 1990; Gleeson, 1993; Andrews et al., 2006) . The cost of increasing tissue N concentration is primarily related to increases in biomass allocation to roots (Hilbert, 1990) .
Optimal allocation vs. allometric models
The root/shoot ratios of ephemerals measured at the time of final harvesting decreased with increasing N application. This was not the case for annual species. Thus, the data for ephemerals are consistent with standard optimal allocation models, which predict that biomass partitioning patterns will be adjusted in response to changes in resource availabilities, e.g. increases in the levels of root resources are predicted to result in increases in biomass allocation to shoot parts. However, the results for the annual species examined in our study did not follow this trend. Increased N application had no observable effect on the root/shoot ratios of annuals. One explanation for these divergent responses is the effects of an 'ontogenetic drift' and changes in N0  N0·5  N1  N3  N6  N0  N0·5  N1  N3  N6  N24   N0  N0·5  N1  N3  N6  N24  N0  N0·5  N1  N3  N6   N0  N0·5  N1  N3  N6 overall plant size. That is, developmental adjustments in biomass allocation can occur simply as a consequence of normal plant growth and development (Coleman et al., 1994; Niklas, 2004) .
In the case of the ephemerals E. oxyrrhynchum and H. pulchella, the influence of nutrient availability on biomass allocation patterns can be significant during the entire vegetative growth period. However, the effects of this influence can diminish or even disappear once plants reach their mature size. Thus, some species such as E. oxyrrhynchum and H. pulchella appear to alter their shoot vs. root biomass allocation patterns only slightly in response to broadly varying N soil conditions. Additional research is required to examine this explanation in greater detail since our current data set is insufficient to resolve the proximal causalities for the allocation patterns reported here. Under any circumstances, we are not indifferent to the effects of species composition on attempts to quantify biomass allocation patterns. What can be said based on our data is that (1) individual species differ in the allocation patterns and that (2) the two species groups examined here (ephemerals and annuals) differ in their allocation patterns, in their responses to N applications. More specifically, we can say that changes in the biomass allocation of some species (i.e. E. oxyrrhynchum) in response to N treatments are largely a consequence of changes in overall plant size, which is (taken at face value) inconsistent with an optimal partitioning model. The claim that species-specific differences can confound attempts to generalize about the efficacy of optimal allocation models is supported by the allometric analyses reported here, which reveal that the allometry of E. oxyrrhynchum and H. pulchella shares the same slope but differs from that of C. arenarius in response to different N treatments. Specifically, only minor effects of N treatments on biomass allocation patterns for E. oxyrrhynchum and H. pulchella were observed, whereas C. arenarius showed a significant decrease in the log root vs. log shoot scaling exponent (a RMA ) for N24 treatments. Comparisons between competing and noncompeting populations of the three annual species demonstrate that plant allometry is altered by competition (Weiner and Thomas, 1992) . In this regard, it is noteworthy that N24 . Bivariate log-log plots of root/shoot vs. individual biomass for E. oxyrrhynchum (A), H. pulchella (B) and C. arenarius (C) individuals, over their vegetative period in response to six N treatments (all sampling dates were pooled). Curves represent best-fit second-order polynomial regressions. The probability values reported correspond to tests of the hypothesis that the curves for the different N treatments do not differ. 'n.s.' indicates that no significant differences were found.
treatments negatively affected plant cover and density and thus probably had an indirect effect on competition, which might account for the shoot and root allocation responses observed for C. arenarius. Previous studies have shown that across all treatments and species, an isometric log root vs. log shoot scaling relationship on average holds true for non-woody species (see Niklas, 2004) . This phenomenology has also been reported by others at the level of individual plants, conspecifics differing in size within individual populations and even across a broad spectrum of forested communities (Niklas, 2005; Cheng and Niklas, 2007; Allen et al., 2008; Yang et al., 2009; Yang and Luo, 2011) . It is also reported to be independent of changes in soil moisture or N content (Yang et al., 2009) . However, other studies do not support the expectation that shoot biomass will scale one-to-one with root biomass, e.g. the scaling relationship between shoot and root biomass across Chinese grassland herbaceous species is anisometric (i.e. allometric) (Wang et al., 2010) . There are a number of possible explanations to account for why different studies draw different conclusions regarding the scaling of shoot with respect to root biomass. Among the most obvious explanations is the fact that many scaling exponents have fairly broad 95 % confidence intervals (CIs) that permit different workers to propose different scaling phenomenologies. For example, inspection of Table 4 shows that the 95 % CIs of the scaling exponent for the relationship between shoot and root biomass across all six species includes one, i.e. the null hypothesis (i.e. a RMA ¼ 1 . 0) cannot be categorically rejected. However, the 95 % CIs for this scaling relationship span numerical values that include 5/4, 7/5 and 3/2, each of which cannot be rejected as a working hypothesis. Even though these three scaling values are not based on any theory or hypothesis known to us, each is a potential competing value used here to illustrate a simple but important fact -it is extremely difficult to pin-point the actual numerical value of a scaling exponent with comparatively broad 95 % CIs. Notice, however, that the actual numerical value of the exponent reported here is 1 . 3, which is allometric and consistent with the hypothesis that a RMA ¼ 5/4. Nevertheless, it would be disingenuous not to point out that this range of values is sufficiently broad to permit alternative hypotheses to remain viable until additional data are brought to bear. Accordingly, our data do not permit Bivariate log-log plots of shoot vs. root growth for E. oxyrrhynchum (A), H. pulchella (B) and C. arenarius (C) over the vegetative growth period in response to six different N treatments (all sampling dates were pooled). Linear curves take the form log shoot ¼ a RMA log 10 root + log 10 b RMA . The probability values reported correspond to tests of the hypothesis that the curves do not differ. 'n.s.' indicates that no significant differences were found.
us to reject the null hypothesis emerging from allometric theory. However, they do not permit us to exclude alternative hypotheses should they emerge from an alternative allometric theory.
Conclusions
In contrast to annuals (C. arenarius), ephemerals (E. oxyrrhynchum and H. pulchella) had rapid growth during the late period of their vegetative growth, and had higher growth rates under modest to high applications of N during early sampling dates. The root/shoot ratios of three ephemerals at the final harvesting time were also found to be more sensitive to N addition compared with that of the three annuals, with significant effects of N addition found in ephemerals. Root and shoot biomass ratios of ephemerals did not vary with overall plant size among the different N treatments, indicating that root vs. shoot allocation patterns are adaptively responsive in ways that are largely not consistent with optimal allocation models. Allometric analyses showed that the scaling relationship between shoot and root biomass is indistinguishable from an isometric relationship across all six species and all annuals. Nevertheless, all ephemerals revealed allometric relationships. These results indicate that (1) the selection of life history strategies can profoundly alter statistical results and thus the conclusions that can be drawn from experimental manipulation and (2) although an isometric model for the scaling relationship between shoot and root biomass could not be rejected, the typically broad 95 % CIs spanning most scaling exponents caution against drawing summary judgements about canonical scaling relationships. 
